SUMMARY:
A rabbit cytochrome P-450llE2 full-length cDNA was cloned into a yeast episomal plasmid (YEp13) between the copper-responsive yeast metallothionein gene promoter (CUP7) and the iso-I-cytochrome c gene terminator (CYCI), and the cytochrome P-450 was expressed in Saccharomyces cerevisiae.
The microsomal fraction prepared from copper-treated cells exhibited a ferrous carbonyl difference spectrum with an absorption maximum at 451 nm and contained approximately 0.07 nmol of P-450llE2 per mg of protein.
The P-450llE2 protein expressed in yeast microsomes was catalytically competent as judged by the NADPH-dependent deethylation of N-nitrosodiethylamine and by the oxidation of butanol. Cholate solubilization and polyethylene glycol fractionation of yeast microsomal P-450llE2 yielded a preparation with a markedly lower specific content than that of intact microsomes, but, when 4-methylpyrazole was included during solubilization, the holoenzyme was completely stabilized. 0 1990 Academic prt?s*. IIlL'.
P-450 cytochromes catalyze the biotransformation of numerous structurally unrelated drugs and environmental toxicants in addition to endobiotics such as steroids and fatty acids (1). The metabolism of this broad spectrum of compounds is brought about by a superfamily of distinct P-450 gene products (2) that catalyze diverse and sometimes overlapping reactions (1). The role of individual P-450 isozymes in metabolism has been determined by purification and characterization in reconstituted systems, and heterologous expression of P-450 cDNAs has additionally permitted the characterization of previously unidentified forms and variants (3,4). Heterologous expression has also provided a useful approach when the homogeneity of a purified preparation was in question (5).
The P-450llE gene subfamily in the rabbit has two members (6,7). The IIEl gene encodes an ethanol-inducible cytochrome (P-450 form 3a), which was originally purified from liver microsomes of rabbits treated with ethanol (8) and has recently been cloned and expressed in Saccharomyces cerevisiae (9). The IIEI protein catalyzes the oxidation of alcohols, nitrosamines, ethers, and aromatic compounds such as acetaminophen and p-nitrophenol, in addition to the reductive cleavage of hydroperoxides (10,ll Vol. 172, No. 3, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS P-450 form 3d) that differs from IIEl in only 16 amino acid residues scattered throughout the protein (7) and which has not yet been isolated from liver microsomes of adult rabbits. Nevertheless, llE2 expression is indicated by the presence of the corresponding mRNA in the adult rabbit liver, where it is present at half the level of the IIEI transcript (7,12). Moreover, Bonfils et a/. (13) have reported that the principal P-450 species present in two-week old rabbits appears to be P-45OllE2, as determined by N-terminal sequence analysis and immunological cross-reactivity with P-450llEl antibodies. Liver microsomal immunoreactive P-450llE protein is increased during development (13, 14) and following administration of a number of diverse agents, including ethanol (12,15).
However, while inhibitory antibodies to IIEl have been useful in determining the contribution of the IIE cytochromes to liver microsomal xenobiotic metabolism, it has not been possible to determine the extent to which IIEl and llE2 individually participate in these reactions.
To facilitate the characterization of P-45OllE2 and the comparison of its biophysical and biochemical properties to those of P-450llE1, a P-450llE2 cDNA was isolated from a rabbit liver cDNA library (16) 
METHODS
Construction of Yeast Expression Plasmid Containina P-450llE2. A 1.4-kb cDNA, isolated from a rabbit liver cDNA library (18), was found to contain 82% of the coding region of the P-450llE2 gene, beginning at nucleotide 305 (see Ref. 6 for base pair numbering), as previously reported (16). The partial llE2 cDNA sequence was identical to the exonic sequence of the llE2 gene except for two A for T base substitutions that result in two amino acid replacements (Phe, to lie and Leus to Gln). The 280-bp NcoI-Xmn7 fragment encoding the N-termina region of P-45OyEl was ligated to the T partial llE2 cDNA at a common Xmn7 site to obtain a full-length chimeric clone. Oligonucleotide-directed mutagenesis with the Bio-Rad mutagenee Ml3 mutagenesis kit was used to change three nucleotides in the IIEl portion of the clone and the two nucleotides indicated above in the llE2 fragment such that the full-length P-450llE2 clone would code for a protein identical to that encoded by the P-450llE2 gene. An Xhol linker was then added to the 3'-nontranslated end of the full-length cDNA, and the P-450llEl portion of the YEp3a yeast expression vector (9) was replaced with the llE2 cDNA construct. The resulting plasmid was designated YEp3d. The 50.L4 strain of S. cerevisiae, yeast cell transformation, growth conditions, copper induction of expression, and preparation of microsomal fractions were as previously described (9).
Deteraent Solubilization of Yeast Microsomes. Yeast microsomes (100 to 200 mg of protein at a final concentration of 2 mg/ml) were solubilized with cholate (5 mg per mg of protein) and 0.2% Tergitol NP-10 (final concentration) in 0.1 M Tris-OAc buffer, pH 7.4, containing 20% glycerol, 0.1 M KCI, and 1 mM EDTA. PEG was added to 6%, the mixture was centrifuged at low speed, the resultant supernate was made 16% in PEG, and the precipitate was collected by centrifugation. The potassium phosphate buffer, pH 7.4, contalnln a 20% g ycerol and 1 mM EDTA, and P ellet was suspended in 0.1 M dialyzed overnight at 4OC. When present, 4-met ylpyrazole was 50 PM in solubilization and dialysis buffers.
Measurement of P-450 Monooxyaenase
Activity. CO reactivity of P-450. a d Bindina of 4-Methvlovrazole to P-450llE2. The activity of the expressed cytochrome w"as assayed with 0.05 nmol of P-450, 1 .O nmol of NADPH-cytochrome P-450 reductase, and 30 pmol of butanol or NDEA (2 pmol with intact microsomes or 100 p mol with solubilized pre arations) in a l.O-ml reaction mixture containing 50 mM potassium phosphate bu fr er, pH 7.4. In addition, solubilized preparations were supplemented with 30 pg of dilauroylglyceryl-3-phosphorylcholine ger ml. NADPH (1 mM) was added to rnrtrate the reaction, which was conducted at 37 C in 3-ml septum-sealed vials for 30 min. Assay conditions for measuring NDEA N-deethylation and butanol oxidation were as previously described (19, 20) . Spectral determinations with intact microsomes were made with a Perkin-Elmer lambda 6 UVfVlS spectrophotometer, whereas with the solubilized preparations a Varian Cat-y 219 UV/VlS spectrophotometer was used. Yeast microsomal preparations were diluted to a final concentration of 7.5 mg of protein/ml (intact microsomes) or 2 mg of protein/ml (PEG-fractionated preparations) with 150 mM potassium phosphate buffer, pH 7.4, containing 20% glycerol, and 1 mM EDTA for spectral analysis. The P-450 content was determined from the absorbance difference between 472 and 490 nm of the ferrous carbonyl derivative with an absorption coefficient of 80 mM-as previously established for IIEl(8). For spectral assay of 4-methylpyrazole binding to P-450llE2, yeast microsomes were diluted to 7.5 mg of protein/ml in 50 mM potassium phosphate buffer, pH 7.6. Aliquots of concentrated 4-methylpyrazole solutions and equal volumes of water were added to the sample and reference cuvettes, respectively.
The total volume increase was less than 5%. Protein content was determined by the Pierce BCA method (21), and immunoreactivity was determined with polyclonal antibodies raised to P-450 form 3a (20).
RESULTS AND DISCUSSION

Copper-Inducible
Expression of P-450llE2 in S. cerevisiae. A full-length P-450llE2 cDNA identical to that encoded by the llE2 gene was constructed from the 5' end of a IlEl cDNA and a previously isolated partial llE2 cDNA (16) and inserted between the copper-responsive yeast metallothionein gene promoter (CUP7) and the iso-lcytochrome c gene terminator (CYCI) in YEpl3.
The CO difference spectrum of microsomes from copper-treated cells transformed with the YEpl3 vector had only very slight absorption in the 450-nm region, as shown in Fig. 1 , indicating negligible expression of endogenous cytochrome P-450. In contrast, a prominent absorption peak at 451 nm was evident with microsomes from copper-treated cells transformed with YEp3d, reflecting the expression of intact P-450llE2.
The specific content of typical P-450llE2-containing yeast microsomal preparations was about 0.07 nmol of P-450 per mg of protein.
Electrophoresis and subsequent immunoblot analysis of yeast microsomal proteins showed that P-450llE2 is recognized by polyclonal antibody raised to P-450llEl (results not shown), and that the expressed cytochrome has the same mobility as heterologously expressed IlEl (9), indicating a molecular weight consistent with that expected for the protein encoded by the P-450llE2 gene (7).
Catalvtic Activity of Expressed P-450llE2. Recently, rabbit P-450llEl expressed in yeast microsomes was found to catalyze the N-deethylation of NDEA (9) and to require added NADPH-cytochrome P-450 reductase for activity. P-45OllE2 similarly expressed was examined for deethylase activity and found to catalyze this reaction at a rate similar to that of expressed P-450llE1, but somewhat less than the rate obtained with purified rabbit liver enzyme (9, 19) . The lower activity may be due to incomplete incorporation of exogenous reductase into these microsomal membranes.
Enzymatic activity was microsomal proteins. However, the P-450 content of the 6 to 16% pellet determined from the CO-ferrous difference spectrum, as presented in Fig. 2 , was only about one-third of the expected value. These results are in sharp contrast to the finding that IIEl, when expressed in yeast and solubilized in a similar manner, yields a preparation whose specific content is identical to that of intact microsomes. The low specific content of the P-450llE2 preparation at least partly reflects a conversion of P-450 to P-420, as presented in Fig. 2 . Attempts to improve the recovery of P-450llE2 in the PEG fraction by including the protease inhibitor PMSF (1 mM) and dithiothreitol (1 mM), or by omitting Tergitol in the solubilization buffer, were unsuccessful. The differential stability of the two Vol. 172, No. 3, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS yeast microsomal P-450llE proteins to detergent solubilization provides an explanation for the success in purification of P-450llEl from adult rabbit liver microsomes (8) and our inability to purify P-450llE2 from the same source. Recently, a protein identical in the first 18 N-terminal amino acids with that encoded by the P-450llE2 gene was purified from liver microsomes of neonatal rabbits (13). The low specific content of the purified preparation, which was at least partly attributable to the presence of a considerable amount of P-420, may be explained by the inherent instability of solubilized llE2, as illustrated by the present studies.
A number of detergent-labile mitochondrial (23) and microsomal (24-26) forms of P-450 have been successfully purified in the presence of substrate, which presumably prevents destabilization by binding to the enzyme.
Pyrazole is an alcohol dehydrogenase inhibitor that is both an inducer and a substrate for rat .
Recently, the 4-methyl derivative of pyrazole has been found to bind to rabbit P-450llEl
with particularly high affinity (28). Therefore, 4-methylpyrazole was included in all buffers during solubilization of P-450llE2 from yeast microsomes and in the suspension and dialysis buffers, in an attempt to prevent denaturation of the enzyme. The results, shown in Fig. 2 and Table I , demonstrate that the presence of 4-methylpyrazole during solubilization and fractionation increased the specific content of the expressed P-450 about threefold in the 16% PEG pellet, while markedly decreasing the amount of P-420.
The NDEA deethylase activity of such preparations, expressed per mg of protein, was %he deethylation of NDEA yields ethylene, which was determined because of the high sensitivity of the assay (19) as well as acetaldehyde, which is the major product. The total rate of deethylation is 9.3 times as great as measured by ethylene formation alone. enhanced more than twofold, as indicated in Table I .
Since the inclusion of 4-methylpyrazole during solubifization of control microsomes yielded a preparation with no absorption peak in the 450-nm region of the CO-reduced difference spectrum, the increase in CO-reactive protein is due entirely to an increase in the specific content of llE2. Furthermore, addition of 4-methylpyrazole to the reaction mixtures did not affect the specific content or catalytic activity. Hence, the effect of 4-methylpyrazole is not due to an alteration in the absorption coefficient of the ferrous carbonyl derivative or a stimulation of the catalytic activity of the solubilized P-450llE2.
Preliminary experiments were conducted to determine if 4-methylpyrazole binds to oxidized P-450llE2 in yeast microsomes.
The results depicted in Fig. 3 demonstrate that the interaction of 4-methylpyrazole with P-450llE2 elicits a type II binding spectrum with a peak at 427 nm and a trough at 394 nm. A difference spectrum was not observed, however, when microsomes from cells containing the YEpl3 vector were assayed. The present evidence suggests that ligand binding preserves the native conformation of the llE2 during detergent solubilization.
The demonstration here of a protective effect of 4-methylpyrazole on P-450llE2 offers a promising approach to purification of this Vol. 172, No. 3, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNlCATlONs cytochrome from adult and neonatal rabbit liver microsomes, as well as from yeast microsames.
